Introduction
The organic semiconductors based on π-conjugated molecules are widely used in various applications such as organic thinfilm transistors (OTFTs), organic photovoltaics (OPV), and organic light-emitting diodes (OLEDs). [1] [2] [3] [4] [5] [6] The design of novel materials requires a fundamental understanding of whole key processes such as exciton energy transfer, exciton dissociation, charge transfer, charge injection. Among them, the site energies of exciton and charge carriers in the bulk or interface region play a key role in controlling the efficiency of those processes. Due to the low dielectronic constant (ε ~ 3) of most organic solids, the site energies of excitons and charge carriers strongly are depended both on the intrinsic electronic properties of molecules and their packing behaviors. In particular, for the charged systems, the molecular packing effects can greatly influence site energies of charge carriers. 7, 8 Energy shifts of IP or EA in the gas phase and condensed phase, which are called as electronic polarization, represent the electrostatic interactions between charge carriers and its surrounding neutral molecules. Thus, the electronic polarization can be a very importance factor to understand the functions of materials from a molecular view. According to the Lyons relationship, the electronic polarization energy of the hole carrier (P + ) and electron carrier (P -) are defined as follows, 9, 10 solid gas P IP IP + = − (1a)
gas solid P EA EA − = − (1b) the subscript gas/solid means single molecular IP or EA values in the gas or solid phase, respectively. The energy necessary to create a well-separated electron-hole pair, i.e., the transport gap (E t ) is defined as 11 t solid solid E IP EA = − (2) Experimentally, these quantities can be determined using the ultraviolet photoelectron spectroscopy (UPS) and inverse photoemission spectroscopy (IPES), respectively. 12, 13 The energy levels of charge carriers can be calculated either by the full QM 14, 15 , QM/PCM [16] [17] [18] [19] [20] , QM/MM 16 , or MM 8, [21] [22] [23] method.
Very recently, D'Avino et al. review a broad spectrum of theoretical methods to evaluate the electronic polarization in organic solids. 24 According to the Lyons definition eq.1, P + /Pcan be theoretically estimated by calculating the IP and EA values of molecules in the gas and solid phase. 
Theoretical Methods

BLW method
The BLW method involves a combination of valence bond (VB) and molecular orbital (MO) theory. For a supermolecular system, the electrons and primitive basis orbitals are naturally divided into subgroups belonging to individual monomer molecules. Each localized molecular orbital is expanded in terms of primitive orbitals which belong only to one subgroup. The molecular orbitals belonging to the same molecule are constrained to be orthogonal, while the orbitals belonging to different molecules are free to overlap. The final block-localized wave function is expressed by a Slater determinant: 33 Through this supermolecule approach, both BLW and CDFT methods can more accurately describe the short-range molecular interaction which includes the molecular packing information. Additionally, the long-range interactions also can be considered as the reaction field approaches, i.e., PCM solvent model. Then the IP and EA values in the solid phase can be calculated. For more "firstprinciples" to evaluate the long-range interaction by solvent reaction field, we also use the Clausius-Mossotti equation to calculate the solid dielectric constant on the basis of the QM calculated molecular volume. In this paper, our studies aim at the electronic polarization energy. Thus, both EA and IP values are calculated on the basis of the fixed molecular geometry. The adiabatic EA and IP in solid phase can also be solved during the geometric structure optimization processes using the solvated supermolecular BLW/DFT method.
Computational details
In this study, the most neighboring four molecules of the studied molecule are considered to form supermolecules in oligoacene crystals of naphthalene (NAPHTA06) 34 , anthracene (ANTCEN09) 35 , tetracene (TETCEN01) 36 , and pentacene (PENCEN04) 37 . These pentamer supermolecules (they are defined as 5M) are shown in Figure 1 . To testify the size effects of supermolecules on the electronic polarization, we also enlarge the pentamer to the nonamer (9M) by adding four extra neighboring molecules in the ab-plane of naphthalene crystal. Here, the charge is restricted in the central molecule using the BLW and CDFT methods, respectively. The BLW-based DFT calculations are conducted using a special GAMESS-US package 38, 39 including the BLW module developed by Mo and his coworkers 27, 40, 41 . The CDFT calculations are performed by using the NWChem package 42 . All the computations are at the B3LYP/6-311G(d,p) level. [43] [44] [45] To simulate the long-range environment, we employ the PCM solvent model with a molecular cavity built up from the united atom model, and the solvent is defined by the dielectric constant. The dielectric constant (ε) is calculated based on the ClausiusMossotti equation 19 ,20
where ρ, M, N A and α are the density of material, molecular mass, Avogadro number and the electronic polarizability, respectively. ρN A /M is reciprocal of the molecular volume. Molecular volume is obtained at the 6-311G(d,p) level (IOp(6/45=512000) is used in the volume calculation for better accuracy). The isotropic static molecular polarizability is calculated on the optimized geometry at the 6-311G(d,p) level. The molecule is defined as a sphere which has an equivalent volume of the concerned molecule. The dielectric constant calculations are carried out using the Gaussian 09 code.
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Results and Discussion
Comparison of BLW and CDFT method for naphthalene trimer model We first take a face-to-face naphthalene trimer model with different separation distances as an example to compare the performances of the BLW and CDFT methods on the estimation of electronic polarizations under the gas-phase and solid-phase environment. In order to verify whether the BLW and CDFT methods can really localize an excess charge on the central molecule, the spin densities are plotted, which are shown in Figure  2 . We can clearly see that the unpaired electron densities are localized in the center of trimer, which demonstrates that the BLW and CDFT methods can effectively deal with electron localization. Furthermore, a naphthalene trimer model with radical cation center is similar to only one electron in HOMO and radical anion center is similar to only one electron in LUMO for the isolated naphthalene molecule, which have the similar orbital character. Gas-phase environment The electron polarization energy obtained from the BLW and CDFT methods as a function of the distances between naphthalenes are reported in Figure 3 . It suggests that the results based on the BLW and CDFT methods are similar to each other, in particular, when the distance is larger than 3.4 Å. The small difference of electron polarization at the short distance can be explained according to eqs.4-6 where the contributions of charge transfer are included in the CDFT method but excluded in the BLW calculations for the neutral trimer. In addition, the electronic polarization of cation (P + ) has more negative values than that of anion (P -). It indicates that calculations using the BLW and CDFT methods can successfully capture the electrostatic polarization feature. On the other hand, P + and P -have been demonstrated to possess the asymmetric nature due to opposite sign of charge-quadrupole interaction. Figure 3 also show that the P + values decrease with the increase of the distance. However, the P -values firstly decrease and then gradually increases with the increase of the distance. This phenomenon can be attributed to the balance of polarization and electrostatic interactions since the polarization energy is related with the molecular polarizability and its applied field from the environment. But the P + values are always negative and decrease with the increase of separation distance. For electrostatic interactions, the quadrupole moments play a dominant role in electrostatic interactions because of the lack of dipole for neutral acenes. Among all the components of molecular quadrupole, there are negative values along molecular normal direction and positive ones around the molecular plane. 21 It leads to the chargequadrupole values for a positive charge in the center of trimer are always negative while the charge-quadrupole values of negatively charged systems are positive.
Solid-phase environment
The molecule in solid is considered as a solvated system with its own type of molecules as solvent. The solvent in the PCM model is defined by the dielectric constant. To further explore whether the BLW and CDFT methods in combination with the PCM model indeed capture the polarization effect, we consider a classic electrostatic model of polarization associated with a charge in a dielectric. 13, 17, 47, 48 In Born expression 49 , the polarization energy from induced dipole (P id ), i.e., "real" polarization excluding electrostatic interaction is described as
where e is the elemental electron charge and R is an effective molecular radius. Because of only two electrons difference, we can image that sizes of cationic and anionic molecule are very similar. If the polarization effects can be properly described, the calculated value of P + /P -should be linear in 1 -(1/ε) for any ε, and the slopes of P+ and P-are very close to each other. Using our BLW/PCM and CDFT/PCM results of the face-to-face naphthalene trimers, Figure 4 shows the relationship between the calculated P + /P -values and 1 -(1/ε). The slope of a straight line is related to the reciprocal of 2R. From the slope of P + /P -with the BLW method, we can get the effective radii for cationic and anionic molecules are 4.316 Å and 4.478 Å, respectively, which are larger than that of neutral molecules listed in Table 2 . In Figure 4 , P + and P -using the CDFT/PCM method have a good linear relationship with 1 -(1/ε). Yet the slopes of P + and P -are quite different. The effective radii for cation and anion are 4.337 Å and 2.692 Å, respectively. Compared with those from the BLW/PCM calculations, the CDFT/PCM calculations give a similar cationic size while much underestimated anionic radii in solvated trimer model. Those means that PCM reaction field coupled with CDFT calculations would notably change the size of localized anions, which is in contrast to Born expression eq.8. In a short summary, the BLW/PCM method can successfully capture electrostatic polarization effect while the CDFT/PCM method cannot correctly describe anion polarization effects.
Effect of charge delocalization on the electronic polarization
When the electronic coupling between the neighboring molecules are not much smaller than the charge reorganization energy, the charge carriers may delocalize on several neighboring molecules. At this situation, the excess charge can not be constrained on the single molecule as we proposed before. Herein, we separately restrain the excess charge on 1-4 face-to-face naphthalene multimer models. The distance of neighboring molecules is fixed at 4 Å. These models are showed in Figure 5 . In practical BLW/DFT calculations, we make the one or several center molecules as a whole subgroup which has an excess charge to investigate the charge delocalization effect on the electronic polarization. When the charge is delocalized on several molecules, the gas-phase IP and EA in eq.1 are for models with several molecules instead of the single molecule in gas phase. As is evident from Table 3 , the larger charge delocalization leads to the smaller P +/-which is very similar to results from COHSEX/MM method 50 . In addition, the charge delocalization notably decrease the transport gap E t , which does not agree with GW/CR results reported by Li et al., i.e. E t is independent with charge delocalization. 50 This difference may be due to the delocalization error of hybrid B3lyp functional. To this end, we compare the effect of range-separated functional (CAM-B3LYP 51 ) and B3LYP functionals on the electronic polarization and transport energy. We can note that the utilization of the range-separated functional can remarkably weaken the charge delocalization effect on the E t However, the electronic polarization(P +/-) show little dependent on the choice of functionals. Table 2 shows our calculated molecular electronic polarizability, volume, radius. Based on these parameters, the dielectric constant is solved using the Clausius-Mossotti eq.6. Briefly speaking, the calculated dielectric constant increases with the increasing conjugated lengths of oligoacenes. Compared with experimental data, we find that the calculated ε values agree well with the experimental data of naphthalene and anthracene, but and slightly larger than that of tetracene and pentacene. After carefully checking the measurement method, we find that the experimental ε values of naphthalene and anthracene were derived from the capacitive measurement, while the ε values of tetracene and pentacene were derived from optical measurement. Generally, the ε values from the optical measurement are smaller than the that from the capacitive estimation. 22 For example, the ε values of C 60 have been inferred from optical measurements and capacitive estimate is 4.08 and 4.4, respectively. 52, 53 In this regard, our calculations can well reproduce the dielectric constant from the optical measurement.
Electron polarization for naphthalene supermolecules
However, our calculated ε values are 0.2 ~ 0.3 away from other theoretical values 20 , which can be ascribed to the different number of points per Bohr 3 for Monte-Carlo calculation of molecular volume. We already testified that 512000 points per Bohr 3 would produce very accuracy isodensity molecular volume. 54 Based on those data, we calculate P + , P -for the naphthalene's monomer (1M), 5M, and 9M supermolecules in the gas/solid phases. The molecular structures are showed in Figure 1 . The experimental data are also listed in Table 4 .
In the gas phase, the BLW and CDFT calculations can give very similar P + and P -values for supermolecular 5M and 9M models, which is in accordance with the trimer's polarizations shown in Figure 3 . Both P + and P -increase with the increase of the size of clusters from 5M to 9M. And the short-range intermolecular interactions cause the improved asymmetric feature for P + and P -. Yet, P + and P -for the 5M and 9M in the gas phase are much smaller than their experimental data, which is due to the neglect of the long-range interaction in the gas phase. When the supermolecules Fig. 5 The face-to-face naphthalene multimers (a) 3M-paral, (b) 4M-paral, (c) 5M-paral and (d) 6M-paral whose neighbors separated distance is 4 Å. These multimers are embedding in the polarizable continuum environment with dielectric constant 2.75. All the multimers keep two outermost molecules act as explicit solvent molecules (light blue), and the remaining molecules as a whole charge local (deep blue). Table 3 Calculated electronic polarization energy and transport gap for face-to-face parallel multimers. xM-paral models mean an excess charge is located on x-2 center molecules combined with two explicitly neutral molecules.
Method Please do not adjust margins
Please do not adjust margins are embedding in the solvent, the calculated P + and P -values are, then, closer to the experimental data. This illustrates the long-range interaction described by the PCM reaction field is essential in the calculations of the bulk polarization for oligoacenes. Moreover, how the short-range interactions from neighboring molecules affect the polarization energies of oligoacene molecular crystals is discussed based on our results. Without neighboring molecules, i.e., 1M, P -is slightly larger than P + , which is opposite to experimental data. The PCM calculations of 1M completely ignore the molecular packing effect. The anionic and cationic molecules have a same solute reaction cavities on the basis of UFF radii. Thus, anionic system has a stronger solute-solvent interaction which results in a slightly larger P -value than P + . After adding four neighboring molecules, the BLW/PCM calculations can give a better P + and P -behaviors i.e. larger P + due to more stabilized electrostatic interactions between cations. With the increase of the number of neighboring molecules from 5M to 9M, the calculated P + values just increase by 0.013 eV and P -decrease by 0.074 eV, respectively. The summation of explicit short-range electrostatic interaction and implicit long-range interaction is almost independent of the size of QM region, which is very agreement with the recent QM/MM embedding results. 50 Model 5M already captures both short-range and long-range interaction by BLW/PCM method to estimate electronic polarization of electron and hole carriers. As we mentioned on trimer model in Fig.3 , the CDFT/PCM results show the different slopes of P -and P + with the increase of the dielectric constant ε. This difference of P -and P + is much smaller in the solvated 5M and 9M models.
Polarization energies for the oligoacenes using the solvated supermolecular approach
The BLW method combined with the solvated 5M supermolecular models are employed to study electronic polarization of oligoacene crystal since they can give the optimal calculation results based on aforementioned discussion. The calculated P + and P -values are listed in Table 5 . Our calculated P -values can well match the experimental data. Yet, the P + values are 0.4 ~ 0.5 eV lower than the experimental values. However, in contrast to PCM calculation results of 1M listed in Table 1 or in literature 16, 17, 20 , the solvated supermolecular approach will remarkably improve difference between the P + and P -values because of the explicit consideration of neighboring molecules. Specifically, this solvated supermolecular method can consider the molecular packing effect and include the short-range charge-quadrupole interaction. 60 The different signs of charge-quadrupole interactions for anions and cations successfully represent the asymmetric nature of P -and P + . Although our calculated ΔP values are 0.3~0.4 eV smaller than the experimental data, the results with the solvated 5M demonstrate the qualitative asymmetric ΔP character. From the calculations with the 9M models listed in Table 4 , it suggests that the more accurate electronic polarization may be achieved when more neighboring molecules are included in the solvated supermolecule model. Given the effect of the conjugated length on the electronic polarization, our results demonstrate that the larger extended π-conjugated molecules are related to the smaller electronic polarization. This trend is similar to other group's numerical Effect of exchange-correlation functionals on the electronic polarization From Table 3 , we also investigated the effect of the exchangecorrelation functionals of DFT on the electronic polarization and E t for 5M supermolecule on the basis of crystal structure. Here we respectively chose range-separated functional CAM-B3LYP, hybrid B3LYP and pure GGA functional BLYP 61, 62 to calculate the molecular IP and EA in gas and solid phase which is listed in Table S6 (Supporting Information). The transport gap and electronic polarization are listed in Table 6 . The exchange-correlation functionals can significantly influence the transport gap in the solid phase. The calculations with the pure GGA BLYP produce the smaller E t values, followed by those with the B3LYP. And the calculations with the range-separated functional CAM-B3LYP generate the largest energy transport gap. Interestingly, the electronic polarizations are independent with the choice of the exchange-correlation functionals, which may be due to the delocalization errors of DFT functionals to the IP/EA values in gas and solid phase can be canceled in eq.4a-b. Thereby, the BLW coupled with PCM model can be accurately estimated the electronic polarization.
Conclusion
By supermolecule approach, BLW method can partially include molecular packing effect on localized charged state and PCM model can effectively simulate the long-range interaction in solid phase. Thus the solvated supermolecule approach, i.e., BLW/PCM combine explicit and implicit advantages to estimate solid-phase IP and EA value. The electronic polarization obtained from 5M behaves very nice asymmetric feature of P + and P -, which will more accurately estimate the absolute values of IP and EA in solid phase. The limits of BLW/PCM is the short-range interaction is related to how many neighbor molecules are included in supermolecular model. Basically the more neighbor molecules result in more accurate solid-phase IP and EA. However, large supermolecule also cost large computation time for BLW calculations. Thus, the multi-core parallel computation needs to develop to testify larger sized BLW/PCM calculations.
